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ABSTRACT
We present results from a multisite observational campaign of Balloon 090100001. Ob­
servations were obtained on seven consecutive nights from 2005 August 10-16 using four 
telescopes: the Faulkes Telescope North, the Himalayan Chandra Telescope, the William Her­
schel Telescope and the Canada-France-Hawaii Telescope. The latter two were equipped for 
multicolour photometric observations. The data was combined and a frequency analysis of 
the white light was carried out on the entire data set. We present the results from this analysis. 
Subsequent papers will present the multicolour photometry analysis and a detailed asteroseis- 
mological study.
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1 INTRODUCTION
O f the known subdwarf B pulsators, Balloon 090100001 (Bal0901 
hereafter) has received considerable attention in the past few years. 
Not only does it stand out as being one o f the brightest (B  =  11.8) 
known sdB pulsators, it also displays some o f the highest amplitude 
variations ( ~  50 mmag), second only to PG 1605+072, and has a 
rich frequency spectrum, making it an ideal candidate for astero- 
seismological studies. Moreover, Bal0901 is one o f three known 
sdBs to show oscillations in both the short period and long period
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domains (Oreiro et al. 2005; Baran et al. 2005), an attribute that 
fosters strong interest in this star.
Our understanding o f B subdwarfs has amassed considerably 
since the pioneering works o f Greenstein (1966); Sargent & Searle 
(1968) and Greenstein & Sargent (1974) to name a few. These 
faint blue stars were found to dominate surveys o f blue objects 
(Green et al. 1986) and more recently, the ultraviolet flux o f galax­
ies (Brown et al. 1997) and are found both in the field and clus­
ters o f our own galaxy (Heber 1986). They represent late stages 
o f stellar evolution, and their distinctive properties have challenged 
theories on stellar structure and evolution.
Current models describe sdBs as low mass stars (0.5 M q ) with 
a thin, inert hydrogen envelope and a helium burning core (see e.g. 
Heber et al. 1984; Heber 1986; Saffer et al. 1994). Their effec­
tive temperatures and gravities range between 20,000 K <  Teff < 
40,000 K and log g >  5.0 respectively. They are evolved stars, re­
siding on the extreme horizontal branch o f the HR-diagram, and are 
thought to eventually evolve into white dwarfs. Their atmospheres 
show peculiar abundances, where some elements are overabundant 
with respect to the sun’s, while others are underabundant. Hence, 
diffusive processes, namely gravitational settling and radiative lev-
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Figure 1. Distribution of known pulsating sdB stars. V361 Hya stars are 
shown with upright triangles and PG 1716+426 stars with inverted trian­
gles. HS 0702+6043 and Bal0901 are labelled and the straight diagonal 
lines represent log g =  6.0 (below) and 5.0 (above).
itation, along with competing stellar winds must be taking place 
(see e.g. Michaud et al. 1985).
Although the origin o f sdBs has been studied extensively, their 
formation is not fully understood. Recent studies have explored 
both single star and binary channels (see e.g. Han et al. 2002,2003; 
Lanz et al. 2004; Hu et al. 2007). Moreover, observations show that 
more than half o f subdwarf B stars belong to binary systems (Aznar 
Cuadrado & Jeffery 2001; Maxted et al. 2001). These close binaries 
consist o f sdBs and usually a main sequence star or a white dwarf.
While stellar atmosphere models and evolutionary models 
have had significant success in explaining the observed properties 
o f sdBs, further constraints can be made by probing the deeper re­
gions o f these stars. Fortuitously, this has become possible with the 
discovery o f pulsations by Kilkenny et al. (1997) and sophisticated 
asteroseismological models (see e.g. Brassard et al. 2001).
Detection o f small-amplitude, rapid light variations were re­
ported for V361 Hya (also known as EC 14026-2647), the proto­
type o f this new class o f pulsators. It was shown that low-order, 
nonradial modes o f oscillation could be excited in these stars and 
these could be explained via the K-mechanism (Charpinet et al. 
1996, 1997), where the opacity bump associated with the ion­
ization o f heavy elements (mainly iron) drives the oscillations. 
These oscillations are known as p-modes and are o f the order o f 
a few hundred seconds. It was found that about 10% o f the sdBs 
show variability, and these stars are characterized by temperatures 
and gravities o f around 30,000 K <  Teff <  36,000 K and 5.2 
<  log g <  6.1 (Billeres et al. 2002). Shortly thereafter, the dis­
covery of longer periods ( ~  1 hr) pulsations in somewhat cooler 
stars ( Teff <  30, 000 K) was reported by Green et al. (2003). Here 
again, the K-mechanism is the source o f the driving (Fontaine et al. 
2003; Jeffery & Saio 2006). However, these oscillations correspond 
to g-modes, and thus form a different class o f pulsating sdBs known 
as PG 1716 stars after the prototype PG 1716+426. The two classes 
are shown in Fig. 1.
Interestingly enough, we observe two distinct loci, with a few
stars very close to the empirical ‘boundaries’ that divide the two 
groups. Two o f these boundary stars are labelled: Bal0901 and HS 
0702+6043. It was recently discovered that both p - and g-modes 
are excited in these stars (Oreiro et al. 2005; Baran et al. 2005; 
Schuh et al. 2006). In the case of Bal0901, the target o f this cam­
paign, short period oscillations were first discovered (Oreiro et al. 
2004), with the longer periodicities unconfirmed in the discovery 
data, as the observations were over a short period o f time. How­
ever, higher signal-to-noise light curves confirmed that long peri­
ods were indeed present. A new member o f this hybrid class, HS 
2201+2610, was announced at the 3rd Meeting o f sdB Stars and 
Related Objects in Bamberg 2007 (Lutz et al. 2007). It had been 
noted by Schuh et al. (2006) that HS 2201+2601 along with Feige 
48 and the two newly discovered hybrid pulsators all occupy a nar­
row range in the Teff — log g parameter space that seems to sep­
arate the two ‘classical’ pulsators. Hence this latest discovery en­
courages the idea that the coolest V361 Hya stars can pulsate in 
both domains. As of yet, Feige 48 is only known to pulsate at high 
frequencies.
The exciting nature of these hybrid pulsators has led us to tar­
get Bal0901 for a thorough asteroseismological analysis. In order to 
do this we first need accurate identification o f as many frequencies 
as possible. This is achieved by: 1) obtaining high signal-to-noise 
data, hence we need observations over several days as to increase 
the S/N, 2) multisite observations to reduce daily aliasing, and 3) 
high-precision measurements. We then need to accurately identify 
modes o f oscillation, or wavenumbers n , I ,  and m . Several methods 
exist and successful identification has been carried out in the past 
using frequency modelling and multicolour photometric amplitude 
ratios (Jeffery et al. 2005; Randall et al. 2006). Finally, using the 
necessary parameters determined from observational campaigns, 
asteroseismic models can be computed and a detailed analysis per­
formed.
It is in this context that we undertook a multisite multicolour 
photometric campaign. We were successful in obtaining time on
4 telescopes over a total o f 7 consecutive nights. Two o f our sites 
were equipped with multicolour photometers. The details are pre­
sented in the following section. We then discuss the methods used 
to combine the data followed by our frequency analysis. Subse­
quent papers will discuss the multicolour photometry/amplitude ra­
tio method to identify modes o f oscillation as well as our ultimate 
goal: a full asteroseismological study.
2 OBSERVATIONS AND DATA REDUCTION
To meet the requirements outlined above, multisite observations 
o f Bal0901 were secured from 2005 August 12 to 16. The ob­
servations were acquired using two 4m-class telescopes equipped 
with multicolour photometry: the William Herschel Telescope in 
La Palma (29°N 17° W) and the Canada-France-Hawaii Telescope 
in Hawaii (20°N  155°W), as well as the Himalayan Chandra 
Telescope in India (32°N  78° E), a 2m-class telescope equipped 
with single colour photometry. As the locations are well sepa­
rated in longitude, the combined observations of these three tele­
scopes provide a potential coverage o f 24 hrs for Bal0901 ( a 2000 =  
2315 21.48, $2000 =  + 29  0 5 01.4). Additional observations were 
taken on 2005 August 10 and 11 using the Faulkes Telescope North 
in Hawaii thus extending the overall time coverage.
©  0000 RAS, MNRAS 000, 1-14
White Light Frequency Analysis o f Balloon 090100001 3
Table 1. Observation Log
Teles. Date UTstart UTend Filter ¿exp n exp
FTN Aug 10 08:27 09:17 Vb 10.0 90
FTN Aug 11 11:32 15:01 VB 7.00 282
HCT Aug 12 15:27 22:47 B b - 445
WHT Aug 12 22:28 05:44 u 'g 'r ' 0.30 63 670
CFHT Aug 13 09:21 15:29 U BV j 5.00 1 298
HCT Aug 13 15:12 23:08 B b - 515
WHT Aug 13 01:04 05:10 u 'g 'r ' 0.30 17 830
CFHT Aug 14 07:29 15:07 U BV j 5.00 1 610
HCT Aug 14 16:22 22:31 B b - 467
WHT Aug 14 22:18 04:12 u 'g 'r ' 0.30 45 060
CFHT Aug 15 07:34 15:29 U BV j 5.00 1 674
HCT Aug 15 21:43 22:33 B b - 62
WHT Aug 15 22:17 05:49 u g r 0.30 63 140
CFHT Aug 16 07:22 15:31 U BV j 5.00 1728
HCT Aug 16 20:51 22:34 B b - 345
The observations are summarized in Table 1. We include the 
UT start and end times, the filters used (Bessel V, Bessel B, Sloan 
Digital Sky Survey (SDSS) u ’,g ’, r '  and Johnson’s UBV) as well as 
the duration o f each exposure and the total number o f exposures 
for each run. In all we gathered 82.9 hrs o f usable data in 15 inde­
pendent runs, or 81.8 hrs o f total coverage if  we consider overlaps. 
There were overlaps ranging from 13 to 19 minutes (or roughly 3 
cycles) on four o f the five nights. We discuss the data acquisition 
and reduction for each site in the following sections.
2.1 William Herschel Telescope (WHT: 4.2m)
Observations were made with the WHT on 2005 August 12,13, 14, 
and 15 using the high-speed three-channel photometer ULTRACAM 
(Dhillon et al. 2007). Each ULTRACAM camera is capable o f ob­
serving a 5' x  5' field o f view and the SDSS filters u ’, g ’, and r  ’ 
(Fukugita et al. 1996) were used to obtain multicolour photometry. 
As Bal0901 is a bright star, exposures of 0.32 s were taken to pre­
vent image saturation. Moreover, to reduce the readout time, it is 
possible to use a windowed mode. Thus, we selected four windows 
o f 150 x 150 pixels such that we had our target star and three poten­
tial comparison stars in the relatively sparse field around Bal0901. 
In actuality, only two comparison stars had sufficient counts for the 
analysis. The dead time between exposures due to frame transfer, 
was thus reduced to 24 ms, giving an overall cycle time of 0.344 s. 
In all, just over 189 700 usable science frames were recorded in 
each filter.
All data frames were reduced using the ULTRACAM pipeline 
reduction software (Marsh & Dhillon 2006). This included de­
biasing, flat-fielding and aperture photometry. Owing to changing 
conditions from night to night, great care was taken to select the 
most appropriate options offered in the reduction software. The 
most important choices regard the apertures used to define the star 
and sky. Aperture sizes may be ‘fixed’ or ‘variable’, while the ex­
traction method may be ‘normal’ or ‘optimal’. Since the number o f 
target counts was always large ( ^  10000) ‘normal’ extraction was 
always used. Variable apertures were used, since these track local 
changes in the seeing disk. To ensure highest signal-to-noise levels 
we tested various aperture sizes and it was found that the largest 
apertures increased the signal-to-noise significantly.
An anomaly was encountered while reducing the first run of 
the night o f 2005 August 13. Namely, the flux in the r  filter was
smaller by a factor o f exactly two compared to the rest o f the run. 
The same anomaly was found by one o f us (M. V.) when carrying 
out an independent reduction. We were unable to find the source 
o f this discrepancy and thus ‘corrected’ the data by multiplying the 
problematic run by 2.0.
2.2 Canada-France-Hawaii Telescope (CFHT: 3.6m)
Time was also allocated on the CFHT from 2005 August 13 to 16. 
Light curves were obtained with LAPOUNE, the portable Montreal 
three-channel photometer, which uses Hamamatsu R647-04 pho­
tomultiplier tubes as detectors (see Billeres (2000) for a descrip­
tion of the instrument). The detectors measure simultaneous counts 
from the target star, a sky patch and a non-variable comparison star. 
Johnson’s UBV  filters were used to obtain multicolour photometry. 
Unlike ULTRACAM, where observations in different wavebands are 
made simultaneously, LAPOUNE observations require consecutive 
exposures for each filter. Hence, observations cycled through four 
filter-wheel positions as follows. The first 2 s are spent at position
1, usually an ‘open’ window for white light photometry, but this 
had to be blocked with an opaque cover because Bal0901 was too 
bright for the PMTs. This was followed by 5 s for the V filter, where 
each PMT measures counts for its respective target, and finally 5 s 
for the B and 5 s for the U filters, for a total o f 17 s per cycle.
Data reduction was carried out using OSCAR, the specially 
designed software developed by Pierre Brassard. The light curves 
for each waveband observation o f Bal0901 were sky-subtracted, 
extinction-corrected and calibrated in a homogeneous way (see 
Billeres et al. (2002) for further details).
2.3 Himalayan Chandra Telescope (HCT: 2.0m)
A description of the observations has already been described in A h­
mad et al. (2007). We outline briefly the salient points here. HCT 
observations were carried out with the Bessel B  filter using the 
Hanle Faint Object Spectrograph Camera (HFOSC) on the nights 
o f 2005 August 12 to 16. As the CCD is not optimized for high­
speed observations, we were able to reduce the area o f the CCD 
and allow repeat observations to be obtained with a cycle time of 
about 1 minute. The integration times ranged from 5-20 seconds 
with decreasing altitude o f the star. The total dead time for each 
observation was 41.6s including 20.8s for pre-clearing and 20.8s 
for readout o f the CCD window.
The data was reduced using the ULTRACAM pipeline adapted 
for the HFOSC CCD. As for the WHT data, the observations were 
bias and flatfield corrected and aperture photometry performed.
2.4 Faulkes Telescope North (FTN: 2.0m)
In order to extend the overall duration o f the run, Bal0901 was also 
observed with the FTN, a 2.0 m telescope located in Hawaii. The 
telescope is designed for both remote and robotic operation and 
is equipped with a 20482 CCD camera with a 4.6 ' x  4.6' field 
o f view. Bal0901 was observed on 2 nights, 2005 August 10, 11, 
using a Bessel V filter. Exposure times were 10 s on the first night 
and 7 s on the second night, with cycle times o f ~  21 s and ~  18 s 
respectively.
The data was reduced using the ULTRACAM software, again 
adapted for the FTN CCD.
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Figure 2. Light curves from idividual filters and combined white light. The left panel shows the WHT u ' , g ' , r ' , and white light (from top to bottom), while 
right panel shows the CFHT U , B, V  and white light (from top to bottom). The data from individual filters have been shifted by an arbitrary amount for clarity.
3 DATA PREPARATION: WHITE LIGHT AND PHASES
Before carrying out the frequency analysis there are a few steps 
that need to be done. First, we need to ensure that the data is in 
phase. Second, since the data was gathered using different filter 
sets, we want to generate a homogeneous data set for the analysis. 
This means combining the multicolour photometry in the case of 
both WHT and CFHT to obtain pseudo white light and then scaling 
the single filter data sets o f HCT and FTN so that the amplitudes 
are o f similar scale. We describe the procedure in the following 
sections.
With the four data sets in hand, we derived normalised relative 
counts for each nightly run as follows:
( K 7  C!u,)
< K 7 CV > “  1 (1)
where Vu> represents the variable star counts in say the u ' filter and 
Cu/ represents the comparison star counts in the same filter. Here, 
we define a run as one night’s data gathered at one telescope. We 
then applied barycentric corrections to all data sets and converted 
the times from Julian Date (the original JD timestamps) to Modified 
Julian Date (MJD = JD — 2400000.5). All times correspond to mid­
exposure times. Moreover, the WHT data was binned over 10 data 
points as the volume of data was quite large. The timestamps in the 
binned light curves were obtained from the mean o f the timestamps 
for each contributing frame used and, since the deadtime between 
exposures is nearly constant, corresponds to the midpoint o f  each 
binned exposure.
3.1 White Light
We then proceeded to generate pseudo white light curves for the 
WHT and CFHT multicolour photometry. This is done to maxi­
mize the S/N ratio of the data since the filters did not all have the 
same S/N quality. For the WHT, the u ' , g ', and r ' photometry was 
taken simultaneously. Hence, we simply add the counts from the 
individual filters. In the case o f the CFHT data, we needed to inter­
polate the values of two filters, namely the V  and U filters, to the 
times o f the B  filter data set before combining the colours as these 
were recorded successively. We used a linear interpolation and then 
added the counts as for the WHT. We also removed long term vari­
ations due to nightly extinction by fitting low-order polynomials.
Finally, since different filter combinations were in use for the
different telescopes, the light curves from the ‘white light’ and sin­
gle filter counterparts will have different amplitudes. To reduce 
aliasing effects we have scaled the data so that the amplitude of 
the principle frequency in each data set matches that o f the WHT 
data where possible. The FTN data was not scaled, as there were 
no other observations taken on that night, and for the night o f 2005 
August 16, we used the CFHT data to scale the HCT light curve 
as no observations were made with WHT. The scaling factors were 
determined by taking the ratios o f the standard deviation o f each 
data set and then multiplying the appropriate data set by this fac­
tor. We note that this procedure will introduce some low-frequency 
noise and could be a source o f error for the long periods.
Fig. 2 shows the individual light curves obtained from the 
multicolour photometry and the resulting white light constructed as 
outlined above. The left-hand  panel displays, from top to bottom, 
the photometry from the u  , g , and r  filters o f the WHT followed 
by the equivalent white light. Similarly, the right-hand  panel shows 
the light curves from the CFHT U, B , and V filters (from top to 
bottom) and its equivalent white light. The data from individual fil­
ters have been shifted by an arbitrary amount for clarity. We clearly 
see the dominant period o f 356 s. We also note that the u  and U 
filters show the highest amplitudes, a characteristic that is well ex­
ploited by the amplitude ratio mode identification method.
We show the final light curves that ensued from our reduc­
tion process in Fig. 3. Here we see the overall coverage obtained 
and more importantly, a significant reduction o f gaps that would 
otherwise be present in single site observations. Having multisite 
coverage thus reduces daily aliasing problems. Additional features 
are evident from Fig. 3 such as the change in amplitude o f the os­
cillations during seven hours in the third night, indicating the pres­
ence o f beating between oscillations o f similar period. We also see 
a long period oscillation with a period ~  3000 s superimposed on 
the short period oscillations.
3.2 Phasing of Data
Now that the data have been processed we must verify that the 
phases match correctly before proceeding with the frequency anal­
ysis. As a first check we visually inspect how well the overlapping 
segments from various runs match in phase. Fig. 4 takes a closer 
look at the overlapping regions. Firstly, we see in panel (a) the un­
modified phases. The left side depicts the HCT-WHT overlap for 
2005 Aug 12 and shows a seemingly good match, while the right
©  0000 RAS, MNRAS 000, 1-14
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Figure 3. Final reduction of all data sets, where black = FTN, green = HCT, blue = WHT, and red = CFHT. We show the normalised relative counts over time 
for each night starting with 2005 August 10 at the top.
side depicts the CFHT-HCT overlap for 2005 Aug 13 and shows a 
slight shift. Using a cross-correlation analysis, we find that there is 
a 17 s offset in the CFHT data. The source of this offset is unknown. 
However, we note that the total cycle time of LAPOUNE is 17 s.
To compensate for this phase difference, we subtracted 17 s 
from the CFHT data and plotted the resulting light curves in panel
(b). The WHT and HCT data have not been modified, and there is 
some improvement in the match between the HCT and CFHT light 
curves. Satisfied that we had resolved the issue, we proceeded to 
carry out the frequency analysis. However, it was realised that upon 
pre-whitening the combined pseudo white light curve some resid­
ual power was left in the cycle/day side lobes. Because our science
©  0000 RAS, MNRAS 000, 1-14
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Figure 4. Phasing of the various data sets. (a) shows the original phases, (b) after removal of 17 s in the CFHT data, and (c) phase shifts using the main 
frequency (see text for details). In all cases the left panel corresponds to HCT (dashed line) - WHT (solid line) overlap on Aug 12 and the right panel the CFHT 
(solid line) - HCT (dashed line) overlap on Aug 13. The colours are as Fig 2.
goals require accurate frequency determination, this was problem­
atic. As another check, we determined the main frequencies o f the 
independent datasets (CFHT, WHT, HCT). These showed excel­
lent agreement, and no such problem with residual leakage after 
pre-whitening.
In searching for the source of this discrepancy, we decided to 
assume that no telescope clock is perfect, and that the star itself 
is a good clock. This enabled us to compute phase offsets and im­
pose a time shift for each o f the data sets. Thus, we fixed a fre­
quency and amplitude to 2.80747 mHz (or 356.19 s) and 45.00 
mmag and then determined the phase for each data set. We deter­
mine shifts o f +7.97 s for CFHT and +4.17 s for HCT. The new 
overlaps are shown in panel (c) and when we redid the frequency 
analysis, the power-leakage detected during the prewhitening was 
improved considerably.
4 FREQUENCY ANALYSIS
4.1 Methods
All four data sets were combined and the time series sorted into 
a single data set, labelled ALL, for our frequency analysis. This 
originally comprised o f the combined pseudo white light data from 
WHT and CFHT, plus the B-data from HCT and V-data from 
FTN scaled as above. As mentioned, we encountered disparity with 
phases. This was reconciled for all but the FTN data. Hence we de­
cided to first investigate the effects o f including the FTN data. On 
the one hand, we justify its usefulness as it extends the overall time 
series, thus increasing the signal-to-noise, but on the other hand, it 
is a relatively short run with few data points and there is a large gap 
between this data set and the others and could therefore contribute 
to aliasing problems.
We first generated classical amplitude spectra Deeming (1975) 
for each data set by assuming that the variations seen in the data 
comprise a multiperiodic sinusoidal oscillation. Fig. 5 shows the 
spectral windows of our respective data sets. The top panel shows 
the window function for the combined data set ALL. The red curve 
includes the FTN data, while the black curve does not. There is very
©  0000 RAS, MNRAS 000, 1-14
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Figure 5. The window functions for each of our data sets. From top to 
bottom: ALL (3) in black and ALL (4) in red (see text), followed by WHT, 
CFHT, and HCT.
little difference as the FTN run does not contribute significantly. 
Thus, we will not consider this data set in the rest o f the analysis 
and the ALL light curve refers to the three main runs o f this cam­
paign. The following panels show the window functions for WHT, 
CFHT and HCT respectively. The central peak corresponds to a sin­
gle frequency, or sinusoid, while all other peaks or side lobes are 
aliases caused by the gaps in the data sets. We see that although the 
runs are well-sampled locally, their window functions are signifi­
cantly affected by these cycle per day aliases (0.0116 mHz) and are 
also complicated by the brevity of the individual time series. How­
ever, this greatly improves for the overall spectral window since our 
three sites span nearly 24 hours. Fig. 6 shows the fourier transform 
o f our combined data set. The dominant frequency region is cen­
tered around 2.8 mHz, with the main peak clearly identifiable with 
an amplitude of ~  45 mmi, or nearly five times that o f the second 
highest peak. Here we use milli-modulation intensity units, where
1 mmi =  0.1% change in intensity. This is equal to multiplying 
our normalized relative counts derived in equation 1 by 1000. We 
have truncated the figure to appreciate the additional structure in 
the frequency spectrum. We see secondary peaks at the 5.6 mHz 
region and small but discernible peaks at the 3.8 mHz, 4.7 mHz 
and 8.4 mHz regions. The low frequencies due to the g-modes are 
also evident as previously reported by Baran et al. (2005).
Using standard procedures, we carried out our frequency 
analysis by first determining the frequency and amplitude of the 
main peak by fitting a Gaussian to the profile. The data was then 
prewhitened by fitting a sine function with the measured frequency 
and subtracting it from the data set. We then computed the am­
plitude spectrum o f the prewhitened data, and iterated. We always 
selected the highest peak in the power spectrum. However, since 
there were so many, we would frequently identify the strongest 3 
to 5 peaks, ensuring each one lay in completely different parts o f 
the spectrum. Subsequent prewhitening used all previously deter­
mined frequencies to compute the multi-sine best-fit solution to the 
original data. In this analysis, the frequencies have been fixed to the
0 2 4 6 8 10
Frequency (mHz)
Figure 6. Amplitude spectrum for the ALL data set.
value measured from the Gaussian fit to the peak in the amplitude 
spectrum, while the amplitudes and phases were obtained from the 
multi-sine solution.
We also examined how the frequencies were affected when 
these were not fixed while computing the multi-sine solution. We 
found the results o f this approach to be unsatisfactory. Only the 
dominant peaks o f individual regions were well reproduced, while 
closely spaced frequencies were unidentifiable. This is probably 
due the nature o f Bal0901 and the fact that its main frequency has 
a large amplitude resulting in some contribution to the intensity o f 
the peaks around it.
The noise level (1a) was defined by running a very broad 
smoothing function through the amplitude spectrum. We used the 
criterion derived by Kuschnig et al. (1997) to determine the signif­
icance threshold. Results from their simulations showed that peaks 
at 4 times the noise level (4a) correspond to a 99.9% confidence 
limit o f having detected a true frequency rather than a peak result­
ing from the noise, while peaks at 3 times the noise level (3a) cor­
respond to an 80% confidence limit. Previous studies are known to 
have adopted 3 a  as the cutoff level (see e.g. Brassard et al. 2001; 
Charpinet et al. 2005). Hence, we proceeded with the identification 
until no peaks stronger than 3 a  remained. However, we clearly dis­
tinguish peaks lying above the 4 a  level and those lying below.
Fig. 7 shows the amplitude-frequency spectrum for the ALL 
data set at different stages in the prewhitening. The top panel cor­
responds to the non-prewhitened spectrum and the second after re­
moving the strongest peak labelled in Table 2. The third, fourth 
and fifth panels show prewhitening of 2, 3 and 10 frequencies re­
spectively, while the last two panels show the spectrum after re­
moval o f 50 and 86 frequencies respectively. We indicate the 4 a  
limit with a solid (red) line and the 3 a  limit with a dashed (green) 
line. We clearly see in the fifth panel the different frequency re­
gions mentioned above. In addition, we see from the fifth panel that 
prewhitening with 50 frequencies results in no peaks being detected 
above the 4 a  level. However, this seems conservative as conspicu­
ous structure remains. Further pre-whitening down to the 3 a  level 
removes most o f this residual signal except in the low frequency 
region, where some signal remains. We did not detect any peaks at 
frequencies higher than the 8.4 mHz region.
Moreover, we repeated the frequency analysis to verify the 
uniqueness o f the solution. We found that some peaks are persistent 
regardless o f the order in which they are identified and removed 
from the amplitude spectrum. However some peaks are sensitive to
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Figure 7. Frequency analysis of the ALL data set. The top panel shows 
the amplitude spectrum before prewhitening, while subsequent panels show 
prewhitening of 1, 2 and 10 frequencies, followed by prewhitening to the 
4a  and 3a  levels respectively. We indicate with a solid (red) line the 4a 
threshold and the 3a threshold with a dashed (green) line.
the order in which the prewhitening is carried out. This seems to be 
the likely case if  an alias or a combination frequency is selected.
Finally, we performed the same analysis on the idividual data 
sets o f WHT, CFHT and HCT as a consistency check. We present 
these results in the section 4.4.
4.2 Results
Table 2 displays the results from our analysis for the ALL data set. 
We show frequencies, amplitudes and phases determined as above. 
We also include frequencies published by Baran et al. (2005) and 
Baran et al. (2006). All values are above the 3 a  detection limit, 
however, frequencies lying below the 4 a  level are indicated with 
square brackets. There are a total o f 86 frequencies, 50 o f which 
are above the 4 a  level. O f these, we find a dozen low frequencies 
probably due to g-modes and 74 frequencies corresponding to p- 
modes.
I f  we compare this to the published values, we find only 21 
‘matches’ between all o f the frequencies identified previously in 
the literature (55 in total) and our current analysis. We consider a
‘match’ if  the difference between two frequencies is less than 1.35 
^Hz. According to Loumos & Deeming (1978) the formal resolu­
tion o f a periodogram is given by A f  <  1 /T . Thus, frequencies 
with A  ƒ <  1 /T  are never found separated in the periodogram. 
In our case T  =  4.3 days, and so A f  must be at least 2.69 ^Hz. 
Our criterion is equal to the midpoint o f this separation, or A f /2  <
I.35. Hence, if  we have two frequencies, ƒ  and f 2 separated by the 
resolution limit o f our data and find that one of the literature values 
f x lies between ƒ  and f 2, the maximum difference between ƒ  and 
f x must be 1.35 ^H z for these to be considered a match, otherwise 
f x will be matched with f 2. We also note from Loumos & Deem­
ing (1978) that when 1 /T  <  A f  <  1 .5 /T , the frequencies are 
separated, but the periodogram maxima do not necessarily occur at 
the real frequencies. Whereas if  1 .5 /T  <  A f  <  2 .5 /T , the devi­
ations from the real frequencies become o f the order o f the errors 
on the frequencies, and for A f  >  2.5 the differences maxima and 
real frequencies become negligible.
Using the above criterion, we find approximately 38% of the 
frequencies to match. This result, although interesting, is not nec­
essarily surprising. There are several contributing factors that need 
to be considered. Firstly, the data sets were taken at different times, 
with different S/N. Because Bal0901 is a multiperiodic oscillator, 
beating takes place and certain frequencies may not be present or 
as significant due to cancellation effects. Secondly, the order se­
lected in the prewhitening process can affect subsequent frequency 
identifications because o f the presence of combination frequencies. 
Thirdly, the presence of daily aliases cannot be discounted. In total,
11 of our frequencies are separated from those in the literature by
II .6  ^H z, or the cycle per day alias. We have indicated these in Ta­
ble 2 with a + cd  or —cd. After taking this into account, we find that 
our ‘matches’ increase to roughly 58%. Furthermore, about half 
o f the remaining unmatched frequencies are in the low-frequency 
range.
Despite these factors, we note that the frequencies with the 
highest amplitudes (namely the five strongest peaks), along with 
the 2nd and 3rd harmonics ( f s 7  and f 71 from Table 2) are well 
matched in all three studies.
Finally, in Fig. 8, we show the multifrequency solution com­
prising o f all 86 frequencies superimposed on the data. The multi- 
sinusoidal model is shown in red and we can see from the top panel 
an excellent agreement with the data. Moreover, the striking change 
in amplitude on 2005 August 12 is well reproduced.
4.2.1 Combination Frequencies
We also include in Table 2 labels and identification o f possible 
combination frequencies. Combination frequencies were detected 
in specific regions o f the amplitude spectrum. Namely, the first 
overtone region consists entirely ofcombinations comprising ofthe 
f 10 term, our main frequency, and a series o f consecutive frequen­
cies from the 2.8 mHz region. Similarly, the second overtone region 
is also entirely accounted for by combinations of 2 times the f 10 
term and a series o f consecutive frequencies from the 2.8 mHz re­
gion. Moreover, we note that two combination frequencies consist 
o f terms from both high and low frequency regions, as had been 
reported by Baran et al. (2005).
4.2.2 Frequency Spacings
We examined frequency spacings for indications of multiplets. 
These have been reported by Baran et al. (2005) and suggest a mean
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Table 2. Frequency analysis for ALL data set. We show frequencies, amplitudes and phases with errors. All frequencies are above 3a, however, those below 
4a are indicated with square brackets. We also show how our values match with published values from Baran et al. (2005) and Baran et al. (2006). Some of 
our matches are separated by the cycle per day alias value of 11.6 ^Hz. We indicates these with a +cd or —cd. Phases are with respect to MJD=53592.648
fn  : combination Baran05 Baran06 Frequency (/uHz) Period (s) Amplitude (mmi) Phase (rad)
90.4
135.6
145.1
159.97
201.94
211.0
fL 239.96—cd 240.0—cd 227.5764 ±  0.0117 4394.136 1.51 ±  0.06 0.612 ±  0.006
f K 229.65+cd 241.3629 ±  0.0138 4143.137 1.28 ±  0.06 0.210 ±  0.007
246.29 246.3
248.0
f j 272.39—cd 272.4—cd 261.5493 ±  0.0111 3823.375 1.58 ±  0.06 0.334 ±  0.006
f l 306.8811 ±  0.0179 3258.592 0.97 ±  0.06 0.758 ±  0.010
fH 298.97+cd 298.9+cd 310.3498 ±  0.0122 3222.168 1.42 ±  0.06 0.946 ±  0.007
f G 312.9453 ±  0.0174 3195.450 1.00 ±  0.06 0.259 ±  0.009
fF 325.64 325.7 325.6833 ±  0.0046 3070.470 3.77 ±  0.06 0.344 ±  0.003
331.2
fE 337.4447 ±  0.0144 2963.446 1.20 ±  0.06 0.160 ±  0.008
f D 365.81 365.8 365.5699 ±  0.0125 2735.454 1.38 ±  0.06 0.123 ±  0.006
f C [480.3394]± 0.0186 2081.863 0.90 ±  0.05 0.320 ±  0.009
f B 516.6596 ±  0.0129 1935.509 1.29 ±  0.05 0.180 ±  0.007
631.1
fA [663.5817]± 0.0213 1506.973 0.76 ±  0.05 0.192 ±  0.011
684.4
833.1
f l [2296.3412] ±  0.0251 435.475 0.41 ±  0.05 0.027 ±  0.021
f2 : fl0 — f D 2441.65 2441.7 2441.6962 ±  0.0124 409.551 0.80 ±  0.05 0.564 ±  0.011
f3 : fl0 — f F 2481.8 2481.8785 ±  0.0095 402.921 1.04 ±  0.05 0.410 ±  0.008
f 4 [2754.7891] ±  0.0187 363.004 0.50 ±  0.06 0.089 ±  0.019
f5 2776.0048 ±  0.0154 360.230 0.60 ±  0.07 0.489 ±  0.018
b
- — fl5 [2788.8308] ±  0.0086 358.573 1.07 ±  0.07 0.607 ±  0.011
GO f l5 2795.3398 ±  0.0058 357.738 1.58 ±  0.08 0.102 ±  0.008
f8 2797.4639 ±  0.0032 357.467 2.90 ±  0.07 0.288 ±  0.004
f9 [2801.1539] ±  0.0128 356.996 0.72 ±  0.08 0.720 ±  0.018
fl0 2807.46 2807.5 2807.3478 ±  0.0002 356.208 43.86 ±  0.08 0.735 ±  0.000
f 11 [2811.1458] ±  0.0093 355.727 0.99 ±  0.08 0.645 ±  0.013
f 12 2813.7763 ±  0.0048 355.394 1.89 ±  0.08 0.983 ±  0.007
fl3 2819.7069 ±  0.0059 354.647 1.56 ±  0.08 0.778 ±  0.008
fl4 2823.23 2823.2 2822.5842 ±  0.0018 354.285 5.10 ±  0.07 0.637 ±  0.002
2824.80 2824.8
2825.0
f l5 2826.38 2826.4 2825.8710 ±  0.0009 353.873 10.62 ±  0.08 0.497 ±  0.001
fl6 2827.9495 ±  0.0032 353.613 2.84 ±  0.07 0.942 ±  0.004
f l7 [2830.5817] ±  0.0072 353.284 1.27 ±  0.08 0.614 ±  0.010
f l8 2834.1184 ±  0.0052 352.843 1.77 ±  0.08 0.391 ±  0.007
fl9 2836.8027 ±  0.0128 352.509 0.71 ±  0.08 0.098 ±  0.017
f20 [2849.3259] ±  0.0131 350.960 0.70 ±  0.07 0.972 ±  0.016
f2l 2852.0665 ±  0.0112 350.623 0.81 ±  0.07 0.422 ±  0.013
2853.95 2853.9
f22 2855.67 2855.7 2855.4358 ±  0.0098 350.209 0.93 ±  0.07 0.409 ±  0.012
f23 2858.52 2858.5 2857.8062 ±  0.0085 349.919 1.07 ±  0.07 0.082 ±  0.010
f24 [2890.2810] ±  0.0223 345.987 0.40 ±  0.06 0.087 ±  0.023
f25 [3621.8512] ±  0.0272 276.102 0.29 ±  0.05 0.143 ±  0.029
f26 [3751.7128] ±  0.0156 266.545 0.50 ±  0.06 0.303 ±  0.024
f27 3776.08—cd 3776.1—cd [3763.7374] ±  0.0120 265.693 0.65 ±  0.06 0.657 ±  0.015
f28 3786.79—cd 3786.7—cd 3774.5638 ±  0.0064 264.931 1.22 ±  0.06 0.732 ±  0.008
f29 3791.8 [3791.1916] ±  0.0183 263.769 0.42 ±  0.06 0.905 ±  0.022
f30 3804.4956 ±  0.0120 262.847 0.64 ±  0.06 0.561 ±  0.015
f3l 3795.56+cd 3795.6+cd 3807.7557 ±  0.0097 262.622 0.80 ±  0.06 0.308 ±  0.011
f32 3813.0598 ±  0.0087 262.257 0.89 ±  0.06 0.146 ±  0.011
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Table 2 -  continued
fn  '■combination Baran05 Baran06 Frequency (/uHz) Period (s) Amplitude (mmi) Phase (rad)
f33 [3816.8738] ±  0.0165 261.995 0.47 ±  0.06 0.847 ±  0.021
3822.9
f 34 [3838.4566] ±  0.0243 260.521 0.32 ±  0.06 0.873 ±  0.029
f35 3932.9624 ±  0.0147 254.261 0.52 ±  0.05 0.114 ±  0.017
f36 [4548.5287] ±  0.0258 219.851 0.27 ±  0.06 0.687 ±  0.032
f37 [4631.0883] ±  0.0200 215.932 0.35 ±  0.06 0.718 ±  0.029
f 38 4642.1 4641.9334 ±  0.0094 215.427 0.75 ±  0.07 0.276 ±  0.015
f39 4645.08 [4644.7644] ±  0.0151 215.296 0.46 ±  0.06 0.678 ±  0.021
4651.1
f40 4655.0622 ±  0.0158 214.820 0.44 ±  0.07 0.478 ±  0.026
f4l 4659.1 4659.6408 ±  0.0117 214.609 0.59 ±  0.06 0.528 ±  0.017
f42 [4664.8932] ±  0.0087 214.367 0.80 ±  0.08 0.560 ±  0.015
4668.6
4669.53
f43 4661.35+cd 4661.4+cd 4673.5344 ±  0.0100 213.971 0.70 ±  0.06 0.221 ±  0.014
f 44 4676.1 4675.6558 ±  0.0101 213.874 0.69 ±  0.07 0.384 ±  0.016
f45 [4682.0097] ±  0.0190 213.583 0.37 ±  0.06 0.977 ±  0.027
f46 [4688.1242] ±  0.0136 213.305 0.51 ±  0.07 0.252 ±  0.022
f47 4711.4019 ±  0.0174 212.251 0.40 ±  0.06 0.738 ±  0.025
f 48 4965.0335 ±  0.0136 201.408 0.50 ±  0.05 0.984 ±  0.017
f49 [5434.7634] ±  0.0172 184.001 0.38 ±  0.06 0.065 ±  0.023
f50 5470.6087 ±  0.0148 182.795 0.44 ±  0.06 0.584 ±  0.022
f5l 5494.4—cd 5483.3250 ±  0.0087 182.371 0.75 ±  0.06 0.114 ±  0.012
f52 [5485.6739] ±  0.0131 182.293 0.49 ±  0.06 0.876 ±  0.019
f53 5492.6805 ±  0.0103 182.060 0.62 ±  0.06 0.479 ±  0.016
f54 5518.2929 ±  0.0131 181.215 0.49 ±  0.06 0.291 ±  0.018
f55 [5531.1699] ±  0.0178 180.794 0.36 ±  0.06 0.249 ±  0.025
5532.9
5555.1
f56 : fl0  +  f8 5604.9371 ±  0.0085 178.414 0.75 ±  0.06 0.254 ±  0.012
f57 : 2fl0 5614.92 5614.9 5614.7232 ±  0.0015 178.103 4.38 ±  0.06 0.712 ±  0.002
f58 : fl0  +  fl3 5632.26—cd 5632.3—cd [5621.3608] ±  0.0125 177.893 0.51 ±  0.06 0.993 ±  0.020
f59 : fl0  +  fl5 5630.68 5630.7 5630.0969 ±  0.0052 177.617 1.22 ±  0.06 0.656 ±  0.008
f60 : fl0  +  fl6 5633.84 5633.8 5633.2583 ±  0.0028 177.517 2.27 ±  0.07 0.483 ±  0.005
f6l : fl0  +  fl7 5646.5—cd 5635.3135 ±  0.0084 177.452 0.75 ±  0.06 0.894 ±  0.013
f62 : fl0  +  fl8 [5638.0610] ±  0.0167 177.366 0.38 ±  0.07 0.590 ±  0.028
f63 : fl0  +  fl9 5641.2220 ±  0.0133 177.267 0.48 ±  0.06 0.294 ±  0.022
5648.02 5648.0
f64 5649.6 [5650.6686] ±  0.0194 176.970 0.33 ±  0.06 0.881 ±  0.030
f65 [5680.8639] ±  0.0176 176.030 0.36 ±  0.06 0.064 ±  0.025
f66 [6326.0388] ±  0.0217 158.077 0.26 ±  0.05 0.399 ±  0.032
6583.5
f67 : fl0  +  f30 [6611.8412] ±  0.0254 151.244 0.21 ±  0.05 0.523 ±  0.039
f68 : fl0  +  f40 [7462.6975] ±  0.0244 134.000 0.19 ±  0.06 0.424 ±  0.047
f69 [7485.0335] ±  0.0233 133.600 0.20 ±  0.06 0.457 ±  0.045
f70 [8314.6839] ±  0.0211 120.269 0.19 ±  0.05 0.233 ±  0.044
f 7l : 3fl0 8422.38 8422.4 8422.1573 ±  0.0066 118.734 0.59 ±  0.06 0.673 ±  0.015
f72 : 2fl0 +  fl5 8438.14 8438.1 [8437.4752] ±  0.0158 118.519 0.25 ±  0.06 0.576 ±  0.035
f73 : 2fl0 +  fl6 8439.7 8440.4898 ±  0.0141 118.477 0.28 ±  0.06 0.387 ±  0.033
f 74 : fl0  +  f64 [8458.1423] ±  0.0165 118.229 0.24 ±  0.05 0.814 ±  0.036
rotational splitting o f A  ƒ =  1.58 ^H z with a period o f around 7.1 
days. Thus, we constructed a pseudo frequency spectrum o f all the 
frequencies we determined. This is shown in Fig. 9, where we plot 
the logarithm of the amplitudes versus the frequencies in mHz. Fre­
quencies with amplitudes greater than 4 a  are shown in a solid (red)
line, while frequencies between the 4 and 3 a  levels are shown in a 
dashed (green) line. For clarity we have enlarged particular regions 
rich in frequencies.
We immediately notice numerous closely spaced frequencies. 
Hence we constructed a histogram to examine trends or recurring
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Figure 8. We show our multifrequency solution (red) superimposed on the ALL data set. The top panel shows a short segment for clarity, while the second 
panel shows the residuals between the data and the 50 frequency fit (red) and the residuals between the data and the 86 frequency fit (green) for comparison. 
Subsequent panels show the multifrequency solution for individual nights beginning with 2005 August 12 to 16. Times are in MJD as in Fig. 3.
limited by the frequency resolution of the ALL data set which spans 
only 4.3 days (or A f  ~  2.69 ^Hz).
4.3 Errors
The errors on the amplitude and phase are the formal errors o f the 
sinusoidal fit. We used the expression given by Cuypers (1987) to 
compute the formal error on the frequency:
_  baind
° " / s  “  y /N a iT
where N  =  26 489 is the total number o f data points, T  =  4.30 
is the total duration of the observations in days, a ind is the average 
error on each independent observation, a  is the amplitude o f the 
signal with frequency f  and b is still a matter o f debate, but we 
have adopted a conservative value o f 4.9. Defining a ind is not an 
easy task. One approach is to remove all the signal from the data
spacings between our frequencies. These are shown in Fig. 10. We 
used a binning of 0.5 ^H z to construct our histogram. We indicate 
the fundamental frequency resolution A f  =  1 .5 /T  with a dashed 
line and frequency spacings o f f B =  1.6 ^H z corresponding to the 
splitting identified by Baran et al. (2005) and multiples thereof.
Due to the duration o f the ALL data set, we can not detect 
spacings less than 2.0 ^Hz. Nevertheless, we do find some inter­
esting patterns. We find 7 spacings that are within 3.0 and 3.5 ^H z 
which might correspond to the 2 fB spacing of 3.2 ^Hz. In addition, 
because these frequencies are below the 1 .5 /T  level, it is possible 
that spacings in the 2.5 to 3.0 and 3.5 to 4.0 bins are associated 
with the 2 fB spacing, increasing our total to 19 spacings. We do 
not expect to find any spacings at odd multiples (>  1) o f f B . We 
observe peaks at 4 f B and 8 fB , or spacings o f 6.4 and 12.8 ^H z 
respectively.
A t this point we can only suspect a detection of multiplets. 
Although there are numerous closely spaced frequencies, we are
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Figure 9. Frequency analysis of the ALL data set shown as a pseudo frequency spectrum. We show all frequencies above 4 a  in solid (red) lines and those 
between 4 and 3a in dashed (green) lines. The horizontal error bars show the formal frequency resolution A f  =  1 /T
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Figure 10. Histogram of frequency spacings in our white light photometry 
of Bal0901 also showing the fundamental frequency resolution of our data 
A ƒ =  1.5/T  (dotted line) and the frequency spacings reported by Baran 
et al. (2005) =  1.6 ^Hz, 2 /b  , 4 /b  and 8 /b  (arrows).
Table 3. Comparison of all data sets
ALL WHT CFHT HCT Bar05 Bar06
261.6+cd 273.3 272.4 273.4 272.4 272.4
325.7 337.4-cd 325.7 325.7 325.6 325.7
2441.7 2441.6 2441.7 2441.6 2441.7
2481.9 2481.8 2481.9 2481.9 2481.8
2807.4 2807.3 2807.4 2807.4 2807.5 2807.5
2822.6 2822.8 2823.6 2823.2 2823.2
2825.9 2825.9 2825.7 2825.8 2826.4 2826.4
3774.6+cd 3774.7+cd 3786.4 3786.8 3786.7
4641.9 4629.9+cd 4641.8 4642.3 4642.1
4965.0 4965.1 4964.2 4964.6
5614.7 5614.7 5614.8 5615.2 5614.9 5614.9
5621.4+cd 5632.9 5632.6 5632.3 5632.3
8422.1 8422.2 8422.2 8422.4 8422.4
and measure the mean standard deviation o f the residuals. Thus for 
a given f  we measure the standard deviation o f the residuals o f 
100 points centered on it and obtain a value a ind (see e.g. Silvotti 
et al. 2006).
4.4 Comparison of ALL vs WHT, CFHT, HCT
In addition to the ALL data, we also looked at the data from the 
individual sites. We show in Table 3 partial results from our fre­
quency analysis. For clarity we show only 13 frequencies, selected 
as having the best overall ‘matches’ in all the data sets compared. 
As before, we consider a ‘match’ between frequencies if  they are 
within 1.35 ^H z or if  they are separated by the cycle per day alias. 
The latter are indicated as before with ±  cd. For comparison we 
also show the matching frequencies detected in the Baran et al. 
2005 and/or 2006 papers. These well-matched identifications re­
inforce the confidence level o f our results. All frequencies shown 
are above the 4 a  noise level.
In all, we find 28 frequencies for the WHT data, 41 frequen­
cies for the CFHT data and 25 frequencies for the HCT data, all o f 
which are above the 4 a  level. A full table is provided online.
5 CONCLUSIONS
We carried out a frequency analysis o f Bal0901 using data ob­
tained from a multisite campaign involving three telescopes. We 
determined frequencies for both the combined data as well as for 
the individual sites. In all, 50 frequencies were detected above the 
4 a  limit in the combined data set. The formal frequency resolution 
was limited by the total duration o f our observations. However, we 
are confident in the accuracy o f our results because o f the quality 
o f the photometry that was obtained. Moreover, by comparing the 
combined data analysis with the analyses from the individual sites 
we find good agreement. We also find good agreement with values 
published in independent studies.
Subsequent papers will present the multicolour photometry in­
terpretation in terms of mode identification and a detailed aster- 
oseismological study. For the latter, we will rely heavily on the 
empirical identification o f the l-values o f the dominant modes as 
derived from amplitude ratios for the different colours (see e.g. Jef­
fery et al. 2005). This is far safer than using unidentified frequen­
cies whose values differ less than the formal frequency resolution 
from those of the dominant frequencies. The data set we have gath­
ered for Bal0901 is the forst one ever achieved for an sdB star for 
which such a procedure can be adopted. Previous sdB modelling 
(e.g. Brassard et al. 2001; Charpinet et al. 2005, 2006) always had 
to rely on white light frequencies only, in absence o f multicolour 
information.
ACKNOWLEDGEMENTS
Research at the Armagh Observatory is funded by the Northern Ire­
land Department o f Culture, Arts and Leisure and by PPARC grant 
PPA/G/S/2002/00546. ULTRACAM operations are currently funded 
by PPARC under grant PPA/G/S/2002/00092. CA is supported by 
the “Stichting Nijmeegs Universiteits Fonds” and by NOVA. The 
authors are grateful for support at the telescope provided by the 
ULTRACAM team from Sheffield. This research has made use of 
the SIMBAD database, operated at CDS, Strasbourg, France.
REFERENCES
Ahmad A., Jeffery C. S., Aerts C., Fontaine G., Charpinet S., 
2007, Bulletin o f the Astronomical Society o f India, 35, 67 
Aznar Cuadrado R., Jeffery C. S., 2001, A&A, 368, 994 
Baran A., Oreiro R., Pigulski A ., Perez Hernandez F., Ulla A., 
2006, Baltic Astronomy, 15, 227 
Baran A., Pigulski A., Koziel D., Ogloza W., Silvotti R., Zola S., 
2005, MNRAS, 360, 737 
Billeres M., 2000, PhD thesis, Universite de Montreal 
Billeres M., Fontaine G., Brassard P., Liebert J., 2002, ApJ, 578, 
515
Brassard P., Fontaine G., Billeres M., Charpinet S., Liebert J., Saf- 
ferR . A., 2001, ApJ, 563, 1013 
Brown T. M., Ferguson H. C., Davidsen A. F., Dorman B., 1997, 
ApJ, 482, 685
Charpinet S., Fontaine G., Brassard P., Chayer P., Rogers F. J., 
Iglesias C. A., Dorman B., 1997, ApJL, 483, L123 
Charpinet S., Fontaine G., Brassard P., Dorman B., 1996, ApJL, 
471, L103
Charpinet S., Fontaine G., Brassard P., Green E. M., Chayer P., 
2005, A&A, 437, 575 
Charpinet S., Silvotti R., Bonanno A., et al. 2006, A&A, 459, 565
©  0000 RAS, MNRAS 000, 1-14
14 C. Pereira et al.
Cuypers J., 1987, The Period Analysis o f Variable Stars. Vol. 49, 
No. 3., Academiae Analecta, Royal Academy of Sciences, Bel­
gium
Deeming T. J., 1975, Ap&SS, 36, 137
Dhillon VS . ,  Marsh T. R., Stevenson M. J., et al. 2007, MNRAS, 
378, 825
Fontaine G., Brassard P., Charpinet S., Green E. M., Chayer P., 
Billeres M., Randall S. K., 2003, ApJ, 597, 518 
Fukugita M., Ichikawa T., Gunn J. E., Doi M., Shimasaku K., 
Schneider D. P., 1996, AJ, 111, 1748 
Green E. M., Fontaine G., Reed M. D., et al. 2003, ApJL, 583, 
L31
Green R. F., Schmidt M., Liebert J., 1986, ApJS, 61, 305 
Greenstein J. L., 1966, ApJ, 144, 496 
Greenstein J. L., Sargent A. I., 1974, ApJS, 28, 157 
Han Z., Podsiadlowski P., Maxted P. F. L., Marsh T. R., 2003, 
MNRAS, 341, 669 
Han Z., Podsiadlowski P., Maxted P. F. L., Marsh T. R., Ivanova 
N., 2002, MNRAS, 336, 449 
Heber U., 1986, A&A, 155, 33
Heber U., Hunger K., Jonas G., Kudritzki R. P., 1984, A&A, 130, 
119
Hu H., Nelemans G., 0stensen R., Aerts C., Vuckovic M., Groot 
P. J., 2007, A&A, 473, 569 
Jeffery C. S., Aerts C., Dhillon V S., Marsh T. R., Gansicke B. T., 
2005, MNRAS, 362, 66
Jeffery C. S., Saio H., 2006, MNRAS, 372, L48 
Kilkenny D., Koen C., O ’Donoghue D., Stobie R. S., 1997, MN- 
RAS, 285, 640
Kuschnig R., Weiss W. W., Gruber R., Bely P. Y., Jenkner H., 
1997, A&A, 328, 544 
Lanz T., Brown T. M., Sweigart A. V , Hubeny I., Landsman 
W. B., 2004, ApJ, 602, 342 
Loumos G. L., Deeming T. J., 1978, Ap&SS, 56, 285 
Lutz R., Schuh S., Silvotti R., et al. 2007, ArXiv e-prints, 710 
Marsh T. R., Dhillon V  S., 2006, in Solomos N., ed., Recent 
Advances in Astronomy and Astrophysics Vol. 848 of AIP 
Conf.Series, The high-speed camera ULTRACAM. pp 808-809 
Maxted P. F. L., Heber U., Marsh T. R., North R. C., 2001, MN­
RAS, 326, 1391
Michaud G., Bergeron P., Wesemael F., Fontaine G., 1985, ApJ, 
299,741
Oreiro R., Perez Hernandez F., Ulla A., Garrido R., 0stensen R., 
MacDonald J., 2005, A&A, 438, 257 
Oreiro R., Ulla A., Perez Hernandez F., 0stensen R., Rodríguez 
Lopez C., MacDonald J., 2004, A&A, 418, 243 
Randall S. K., Green E. M., Fontaine G., et al. 2006, ApJ, 645, 
1464
Saffer R. A ., Bergeron P., Koester D., Liebert J., 1994, ApJ, 432, 
351
Sargent W. L. W., Searle L., 1968, ApJ, 152, 443 
Schuh S., Huber J., Dreizler S., Heber U., O ’Toole S. J., Green 
E. M., Fontaine G., 2006, A&A, 445, L31 
Silvotti R., Bonanno A., Bernabei S., et. al. 2006, A&A, 459, 557
obtained by Baran et al. (2005) and Baran et al. (2006) for compar­
ison. All frequencies shown are above the 4 a  noise level except for 
the ALL data where we indicate frequencies below 4 a  with square 
brackets.
APPENDIX A: FULL TABLE
We show in Table A1 the complete results o f our frequency analy­
sis on the ALL data set and the comparison with the individual data 
sets. We use the same criteria as before for determining matching 
frequencies and cycle per day aliases. Again we show the values
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Table A1. Comparisons of frequencies and amplitudes of all data sets
f n Baran05 Baran06 All WHT 
Frequency (/uHz)
CFHT HCT All WHT CFHT 
Amplitude (mmi)
HCT
90.4
135.6
145.1
159.97
201.94
211.0
f L 239.96—cd 240.0—cd 227.58 226.66 1.51 1.37
246.29—cd 246.3—cd 234.46 1.93
f K 229.65+cd 241.36 241.61 1.28 2.07
248.0
f j 272.39—cd 272.4—cd 261.55 273.34—cd 272.44—cd 273.41—cd 1.58 1.69 1.62 1.90
f i 306.88 0.97
f H 298.97+cd 298.9+cd 310.35 322.95—cd 1.42 1.71
f G 312.95 1.00
f F 325.64 325.7 325.68 325.65 325.72 3.77 5.06 5.35
331.2
f E 337.44 337.43 1.20 2.04
f D 365.81 365.8 365.57 353.95+cd 366.07 1.38 2.93 2.27
f C [480.34] 0.90
f B 516.66 516.42 1.29 1.47
631.1
f A [663.58] 0.76
684.4
833.1
f l [2296.34] 0.41
f 2 2441.65 2441.7 2441.70 2441.60 2441.73 0.80 0.95 0.70
f 3 2481.8 2481.88 2481.76 2481.87 2481.92 1.04 1.08 0.96 1.36
f 4 [2754.79] 0.50
2769.18 0.86
f 5 2776.01 0.60
f 6 [2788.83] 1.07
2793.33 2.70
f 7 2795.34 1.58
f 8 2797.46 2785.83+cd 2785.59+cd 2.90 1.62 0.70
f 9 [2801.15] 2800.02 0.72 4.60
2804.22 1.95
fl0 2807.46 2807.5 2807.35 2807.34 2807.41 2807.41 43.86 42.65 44.14 43.67
f ll [2811.15] 0.99
f l2 2813.78 1.89
f l3 2819.71 1.56
f l4 2823.23 2823.2 2822.58 2822.76 2823.59 5.10 4.54 8.38
2824.80 2824.8
2825.0
f l5 2826.38 2826.4 2825.87 2825.94 2825.68 2825.77 10.62 11.85 8.66 10.61
fl6 2827.95 2839.78—cd 2.84 3.37
f l7 [2830.58] 1.27
f l8 2834.12 2833.34 1.77 3.51
f l9 2836.80 0.71
f20 [2849.33] 0.70
f2l 2852.07 2851.15 0.81 1.12
2853.95 2853.9
f22 2855.67 2855.7 2855.44 2854.56 2866.71—cd 2844.33+cd 0.93 1.63 0.51 3.11
f23 2858.52 2858.5 2857.81 2869.80—cd 2859.01 1.07 1.14 1.24
f 24 [2890.28] 0.40
f25 [3621.85] 0.29
f26 [3751.71] 0.50
f27 3776.08—cd 3776.1—cd [3763.74] 3764.68 0.65 0.62
f 28 3786.79—cd 3786.7—cd 3774.56 3774.74 3786.45—cd 1.22 1.18 1.66
3782.95 0.44
/29 3791.8 [3791.19] 3780.15+cd 0.42 0.84
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Table A1 -  continued
f n Baran05 Baran06 All WHT 
Frequency (/uHz)
CFHT HCT All WHT CFHT 
Amplitude (mmi)
HCT
f30 3804.50 3804.32 0.64 1.47
f3l 3795.56+cd 3795.6+cd 3807.76 3806.62 0.80 1.00
f32 3813.06 3812.72 0.89 1.42
f33 [3816.87] 3816.50 0.47 0.56
3822.9
f 34 [3838.46] 0.32
f35 3932.96 3933.17 0.52 0.49
f36 [4548.53] 0.27
f37 [4631.09] 0.35
f 38 4642.1 4641.93 4629.96+cd 4641.81 4642.26 0.75 0.86 0.59 1.09
f39 4645.08 [4644.76] 4633.91+cd 0.46 0.78
4651.1
f40 4655.06 4654.42 0.44 1.42
f4l 4659.1 4659.64 4671.16—cd 0.59 0.86
f 42 [4664.89] 4664.49 0.80 1.39
4668.6
4669.53
f43 4661.35+cd 4661.4+cd 4673.53 4661.95+cd 0.70 0.82
f 44 4676.1 4675.66 4674.65 4676.09 0.69 0.94 1.54
f45 [4682.01] 0.37
f46 [4688.12] 0.51
f47 4711.40 0.40
f 48 4965.03 4964.22 4964.56 0.50 0.51 0.98
f49 [5434.76] 0.38
5469.23 0.46
f50 5470.61 5482.32—cd 0.44 0.96
f 5l 5494.4—cd 5483.33 5495.81—cd 0.75 0.72
f52 [5485.67] 5496.77—cd 5484.77 0.49 0.52 1.20
f53 5492.68 5504.98—cd 0.62 0.99
5500.79 0.53
f54 5518.29 0.49
f55 [5531.17] 5530.69 0.36 0.76
5532.9 5521.54+cd 0.65
5555.1
5586.38 0.69
5600.54 0.35
f56 5604.94 0.75
f57 5614.92 5614.9 5614.72 5614.71 5614.79 5615.15 4.38 4.87 4.46 4.73
f58 5632.26—cd 5632.3—cd [5621.36] 0.51
f59 5630.68 5630.7 5630.10 5629.79 1.22 1.31
f60 5633.84 5633.8 5633.26 5632.98 5632.64 2.27 1.76 2.18
f6l 5646.5—cd 5635.31 5634.58 0.75 0.87
f62 [5638.06] 0.38
f63 5641.22 5640.78 5640.79 0.48 1.82 0.93
5643.40 1.25
5648.02 5648.0 5648.69 0.95
f64 5649.6 [5650.67] 5661.79—cd 0.33 0.38
f65 [5680.86] 0.36
f66 [6326.04] 0.26
6583.5
f67 [6611.84] 0.21
f68 [7462.70] 0.19
f69 [7485.03] 0.20
f70 [8314.68] 0.19
f 7l 8422.38 8422.4 8422.16 8422.15 8422.22 0.59 0.74 0.61
f72 8438.14 8438.1 [8437.48] 8447.74—cd 0.25 0.38
f73 8439.7 8440.49 8440.64 0.28 0.30
f74 [8458.14] 0.24
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